Mac-2 binding protein glycosylation isomer (M2BPGi) is a novel glycoprotein biomarker that correlates with liver fibrosis. It has been investigated in East
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(1) Early detection improves survival, and several HCC biomarkers have been studied for this purpose. However, aside from alpha-fetoprotein (AFP), none have entered broad clinical use globally. (2) In 2013, Kuno et al. (3) identified a glycosylation isoform of Mac-2 binding protein that correlated with liver fibrosis in patients with chronic hepatitis C virus (HCV ) infection. Mac-2 binding protein is produced by various cell types, including hepatocytes, and changes in its glycosylation pattern in the setting of liver disease are the basis for its use as a biomarker.
The glycan-based immunoassay described by Kuno et al. (3) is now available in Japan and has been used to study this marker in a variety of contexts. In addition to HCV, the Mac-2 binding protein glycosylation isomer (M2BPGi) has been studied as a marker for fibrosis in chronic hepatitis B virus (HBV) infection, nonalcoholic fatty liver disease (NAFLD), and primary biliary cirrhosis, among others. (4) (5) (6) (7) It has also been evaluated as a biomarker for HCC in HBV, HCV, and NAFLD, with favorable results. (8) (9) (10) (11) Several gaps in the literature regarding M2BPGi remain and should be addressed prior to widespread adoption of the biomarker. First, M2BPGi has thus far only been evaluated in East Asian populations. Data from other populations are necessary to establish its generalizability. Second, as an HCC biomarker, M2BPGi has thus far been studied in cohorts with a single underlying liver disease, whether HBV, HCV, or NAFLD. In routine clinical practice, health care providers serve populations with a mix of liver diseases, all of whom may be at risk of HCC. As such, data from mixed cohorts are needed to compare M2BPGi performance across various liver diseases.
We designed this multicenter study to assess M2BPGi as a biomarker for HCC in an ethnically diverse and international cohort of patients with HBV and HCV from Asia and California.
Patients and Methods

stuDy Design anD setting
This cohort study involved 947 adult patients (18 years or older) with chronic viral hepatitis (HBV or HCV) who were enrolled and observed from April 2001 to October 2017 at three teaching hospitals in the United States and Taiwan (Stanford University Medical Center, Palo Alto, California; E-Da Hospital, Kaohsiung, Taiwan; Kaohsiung Medical University Hospital, Kaohsiung, Taiwan). The primary outcome was occurrence of HCC during long-term follow-up.
Baseline clinical characteristics and sera were collected at enrollment. Routine laboratory tests were conducted at each institution, whereas measurement of M2BPGi was conducted at a single laboratory at the Department of Virology and Liver Unit, Nagoya City University, Nagoya, Japan. The laboratory personnel performing the M2BPGi assay were blinded to clinical information associated with each sample. Clinical and laboratory data were submitted to the data center at Stanford University Medical Center, Stanford, CA, for data management and analysis.
All patients gave written informed consent prior to blood collection. The study was approved by the institutional review board at each participating institution.
patient population
Patients 18 years or older who were mono-infected with HBV or HCV, antiviral treatment naive, aRtiCle inFoRmation:
and had at least 1 year of follow-up were included. Patients were excluded if they were diagnosed with HCC within 6 months of entering the study as these may have been prevalent rather than incident cases. Patients with HBV-HCV coinfection or nonviral chronic liver diseases were also excluded.
Diagnoses of HBV and HCV were established by serologic testing and nucleic acid tests for viremia. HCC was diagnosed based on histology or noninvasive imaging criteria as recommended by the American Association for the Study of Liver Diseases. (12) Cirrhosis was diagnosed based on imaging, clinical, and histopathologic findings. Patients with HCV were considered treated if they achieved sustained virologic response between enrollment and censoring; patients with HBV were considered treated if they received any antiviral treatment between enrollment and censoring.
Data ColleCtion anD m2Bpgi measuRement
Baseline demographic, clinical, laboratory, pathologic, and radiographic data were extracted from the medical records at each site and compiled into a common database with uniform definitions.
Noninvasive scores based on routine laboratory tests were also calculated as indicators of liver fibrosis or dysfunction. We used the following equations: fibro-
1/2 × platelet count [10 3 /μL]) (13) ; Model for End-Stage Liver Disease = 3.78 × ln(serum bilirubin [mg/dL]) + 11.2 × ln(international normalized ratio) + 9.57 × ln(serum creatinine [mg/dL]) + 6.43. (14) Serum M2BPGi levels were measured from archived sera using an automated analyzer applying the lectin-antibody sandwich immunoassay (HISCL-2000i; Sysmex Corporation, Hyogo, Japan), as described. (15) M2BPGi levels were expressed as a cutoff index (COI), which was calculated according to the following formula:
statistiCal analysis
M2BPGi values were reported as medians with interquartile ranges and compared across patient subgroups using the Mann-Whitney U test. Other descriptive statistics were reported as proportions (%), mean with SD, or medians with interquartile ranges and compared using the Student t test, the chi-square test, or the Mann-Whitney U test as appropriate. Statistical significance was defined as two-tailed P < 0.05.
Time-dependent receiver operating characteristic (ROC) curves were generated in R (R Foundation, Vienna, Austria) using the timeROC package. Comparisons of paired ROC curves were performed using the timeROC package, and unpaired comparisons were performed in MedCalc (MedCalc Software, Ostend, Belgium).
Univariate and multivariate survival models were constructed using Cox proportional hazards models in Stata, version 14 (Stata Corporation, College Station, TX). The primary outcome was incident HCC diagnosis. The primary predictor variable was M2BPGi level. Secondary predictors were sex, age, cirrhosis status, and treatment status at baseline. To account for patient heterogeneity, models were adjusted for site as a random effect, and separate models were constructed for patients with HBV and HCV.
Results
Baseline CHaRaCteRistiCs
The baseline clinical characteristics of patients in this study are described in Table 1 . Patient populations with HCV and HBV differed in several important respects. Patients with HCV were older on average, had a higher body mass index (BMI), were more likely to be female, were less likely to be Asian, were more likely to come from the U.S. cohort, and were more likely to have cirrhosis. Median M2BPGi levels were higher in the HCV group (2.28 versus 1.09; P < 0.001). Median length of follow-up in the overall cohort was 6.8 years and not significantly different between the HBV and HCV groups.
Patient characteristics stratified by site and underlying disease are reported in Supporting Tables S1A,B. Patients from the United States had a higher average BMI (27.4 kg/m 2 versus 25.2 kg/m 2 ; P < 0.001) and were more likely to have diabetes (21.3% versus 15.4%; P = 0.053). All patients from Taiwan were Asian compared to 50.5% of patients from the United States. Rates of antiviral therapy for either HBV or HCV were higher in Taiwan than the United States (62% versus 46.0%; P < 0.001). The 10-year incidence of HCC was higher among patients from Taiwan than from the United States (10.3% versus 4.1%; P = 0.007). Within each site, the differences between HBV and HCV patients were generally similar to the overall cohort.
Median M2BPGi was markedly higher among patients with cirrhosis than those without (2.67 versus 0.80; P < 0.001) and among those who developed HCC than those who did not (3.22 versus 1.16; P < 0.001) (Fig. 1A,B) . When stratifying by both cirrhosis and HCC, median M2BPGi was still higher among patients with cirrhosis who developed HCC than among patients with cirrhosis who did not develop HCC, although the difference was less prominent (3.31 versus 2.63; P = 0.04) (Fig. 1C) . There was no significant difference in median M2BPGi levels between patients without cirrhosis who developed HCC and those who did not (0.31 versus 0.81; P = 0.18); however, only 3 patients without cirrhosis developed HCC (Fig. 1C) .
m2Bpgi CompaReD to aFp
To assess the performance of M2BPGi as a biomarker for the prediction of future HCC, we compared M2BPGi to AFP using the area under the ROC curve (AUROC) (Fig. 2 ). M2BPGi and AFP had similar AUROC values in the overall cohort (0.77 versus 0.72; P = 0.15), among patients with cirrhosis (0.60 versus 0.57; P = 0.50), and among patients with HCV (0.51 versus 0.59; P = 0.34). M2BPGi had a significantly higher AUROC value than AFP among patients with HBV (0.84 versus 0.75; P = 0.02). Time-dependent AUROC values for AFP and M2BPGi at 3, 5, and 10 years are reported in Table 2A ,B. We attempted to improve predictive performance by combining AFP and M2BPGi in a logistic regression model. The model's performance did not significantly differ from that of M2BPGi because the coefficient for AFP was small (Supporting Fig. S1 ).
m2Bpgi in pReDiCtiVe moDels oF HCC
Univariate and multivariate Cox proportional hazards models were separately constructed for patients with HBV and HCV. Covariates included were sex, age, cirrhosis, treatment status, and M2BPGi. Site was controlled for as a random effect. Cirrhosis was omitted from the HCV model as all patients with HCV who developed HCC had cirrhosis. Among patients with HBV, M2BPGi and cirrhosis were both independent predictors of HCC (Table 3A) . Among patients with HCV, M2BPGi was not an independent predictor of HCC (Table 3B) . Sensitivity analyses to diabetes in the multivariate models did not change the results with regard to M2BPGi (hazard ratio [HR] 1.11, P = 0.001 for HBV; HR 0.97, P = 0.53 for HCV).
inteRaCtions BetWeen m2Bpgi, CiRRHosis, anD unDeRlying liVeR Disease
When comparing the performance of M2BPGi among various subsets of patients, we observed that M2BPGi performance was better in groups with a lower proportion of patients with cirrhosis. For example, M2BPGi performed significantly better among patients with HBV (36.3% cirrhosis) than patients with HCV (87.6% cirrhosis) (AUROC, 0.84 versus 0.51; P < 0.001). Similarly, M2BPGi performed significantly better among patients with HBV overall compared to patients with HBV with cirrhosis (AUROC, 0.84 versus 0.69; P = 0.02) and among the overall cohort compared to patients with cirrhosis only Because M2BPGi was an independent predictor of HCC among patients with HBV but not patients with HCV, we postulated that there might be an interaction between M2BPGi and the underlying liver disease (HBV or HCV) independent of the prevalence of cirrhosis in each group. A multivariate model, including an interaction term for underlying liver disease and M2BPGi, found that the interaction was significant (HR, 1.15; 95% confidence interval [CI], 1.04-1.28; P = 0.009), even after controlling for cirrhosis (Table 4) .
Discussion
This is the first study to evaluate M2BPGi as a predictor of HCC in non-Asian patients and patients outside of East Asia. Among patients with HBV, we found that M2BPGi was a more informative biomarker than AFP and was an independent predictor of HCC, even after accounting for cirrhosis. This recapitulates the findings of other studies and extends those findings to include a sample of Asian patients living outside East Asia. However, we did not find that M2BPGi was a useful predictor of HCC in our HCV cohort. This differs from what has been reported from exclusively East Asian populations.
This discrepancy could be related to a number of factors. First, our HCV cohort differed significantly from previously tested populations. More than one third of our cohort was non-Asian, and approximately half were living in the United States. All other studies to date looking at M2BPGi as an HCC biomarker in patients with HCV have been conducted in Japan. It is possible that genetic or environmental differences may lead to alternative glycosylation patterns of M2BP, which the current assay does not detect. The current assay uses the lectin Wisteria floribunda agglutinin, which was chosen as the best candidate out of a screen looking for M2BP lectins that correlated with liver fibrosis stage in 125 Japanese patients with HCV. (3) It is possible that alternative lectins could improve the test's performance in non-Japanese HCV populations. For HBV, M2BPGi has been successfully used in Korean and Chinese populations in addition to Japanese populations, demonstrating that the test is robust to some changes in patient population. (9, 10) Another consideration is M2BPGi's close association with fibrosis and cirrhosis. As noted above, M2BPGi was originally identified in a screen for a fibrosis marker not an HCC marker. However, cirrhosis is a powerful risk factor for HCC regardless of liver disease etiology. Thus, there is a risk of cirrhosis confounding analyses of M2BPGi as an HCC biomarker. We observed that M2BPGi was less effective when applied to patient populations with a higher burden of cirrhosis or fibrosis. This may have played a role in our results as cirrhosis was present in the vast majority (87.6%) of our HCV cohort and all HCV-HCC cases in the cohort were in patients who had cirrhosis at baseline. In comparison, in their study of 707 Japanese patients with HCV, Yamasaki et al. (8) observed F4 fibrosis at baseline in only 17% of patients. Similarly, Sasaki et al. (16) observed F4 fibrosis at baseline in only 10.1% of their patients. Whereas Yamasaki et al. and Sasaki et al. were able to use M2BPGi to stratify for HCC risk within each fibrosis stage, including F4, we found that neither M2BPGi nor AFP had much predictive power in our HCV cohort. It may be that cirrhosis was relatively prevalent and severe in our cohort, thus limiting the predictive power of both AFP and M2BPGi.
There may also be systematic differences in the prevalence of cirrhosis between Eastern and Western populations with chronic liver disease who present for medical attention. (17) The HCC BRIDGE study, which examined the clinical characteristics of patients diagnosed with HCC in Asia, Europe, and North America, found that approximately 90% of Japanese and Taiwanese patients with HCC were Child-Pugh A compared to approximately 70% of North American or European patients. (18) Japan has implemented nationwide screening and surveillance programs for HCV and HCC, which have led to declining rates of HCC incidence and mortality. (19, 20) Screening efforts in the United States may not be as consistent, resulting in patients with more advanced cirrhosis by the time they connect with the medical system. (21) (22) (23) Indeed, prior studies have reported a cirrhosis prevalence of 85% to 90% among patients with HCV-HCC in the United States. (24) (25) (26) Additional considerations are alcohol consumption patterns and ethnic differences in disease progression. Comorbid alcoholic liver disease may influence the prevalence and severity of cirrhosis in these populations as well as the risk of HCC. (27) (28) (29) The 2010 World Health Organization estimates for annual per capita alcohol consumption were 10.4 liters in Japan and 13.3 liters in the United States. (30) Ethnic differences in the risk of cirrhosis and HCC have also been reported among patients with HCV in the United States, including more severe cirrhosis in non-Asian compared to Asian patients. (24, 31, 32) One study also reported a higher risk of HCC among Asian patients with HCV and cirrhosis compared to non-Asian individuals with HCV and cirrhosis. (31) It is not well established whether Asian ethnicity is an independent risk factor for HCV-HCC, but it is notable that the cohorts of Sasaki et al. (16) and Yamasaki et al. (8) had relatively high incidences of HCC (6.8% and 15.6%, respectively), despite having relatively low rates of F4 fibrosis (10% and 17%, respectively). In our HCV cohort, 16.3% of patients developed HCC and 87.6% of patients had cirrhosis.
This study raises a number of questions for future investigations. First, it is increasingly apparent that M2BPGi is not solely a marker of liver fibrosis. M2BPGi levels are elevated in the setting of nonspecific acute liver injury, and M2BPGi levels decline quickly with antiviral treatment for HBV and HCV, too quickly to be due to regression of fibrosis. (33) (34) (35) (36) (37) Bekki et al. (38) demonstrated that hepatic stellate cells produce M2BPGi in vitro and that M2BPGi signaling between hepatic stellate cells and Kupffer cells may promote a fibrogenic program. More work is needed to understand the biology of M2BPGi.
The effect of underlying liver disease on M2BPGi performance should also be evaluated in greater depth. M2BPGi has been shown to be predictive of HCC in East Asian cohorts with HCV, HBV, and NAFLD but with different optimal threshold values in each. (8, 9, 11) We found that there was a significant interaction between underlying liver disease and M2BPGi in our cohort, even after taking cirrhosis into account. This has implications for the real-world application of M2BPGi because health care providers serve clinical populations with diverse liver pathologies and individual patients may have more than one underlying liver disease.
In particular, the performance of M2BPGi in patients with NAFLD should be investigated further. NAFLD is a common HCC risk factor. About one third of NAFLD-HCC cases develop in patients without clinically apparent cirrhosis. (39) There is currently no reliable way to identify patients with NAFLD but without cirrhosis who are at high risk of HCC. Because we observed that M2BPGi performed better in patient populations with lower burdens of cirrhosis, M2BPGi may be a useful marker in this population. One retrospective study of 331 Japanese patients with biopsy-proven NAFLD found an AUROC of 0.81 for M2BPGi predicting HCC. (11) However, among patients with F2 or less fibrosis, M2BPGi values did not discriminate between those who developed HCC and those who did not. More studies into this population are needed.
The strengths of our study include the multicenter design and the inclusion of patient populations in which M2BPGi had not previously been studied. The use of a blinded central laboratory with experience in the conduct of the gold-standard assay is also a strength. Furthermore, our statistical analysis is bolstered by stratification for cirrhosis to address possible confounding.
There are a number of limitations in our study. Although we have included a diverse patient population, it should be noted that our HBV cohort is still predominantly East Asian and from Taiwan. Larger studies involving more patients from outside Asia are needed to confirm the broader applicability of M2BPGi as an HBV-HCC biomarker. As described above, our HCV cohort had relatively prevalent and severe cirrhosis, which may have limited the predictive performance of M2BPGi. Although we do not have liver biopsy data to precisely stage fibrosis, we were able to use the FIB-4 score to stratify patients by predicted degree of fibrosis. It will be useful to study M2BPGi in larger non-Asian HCV cohorts with a balance of patients with and without cirrhosis.
In conclusion, M2BPGi performed better than AFP for predicting HCC in our HBV cohort. The performance of M2BPGi was limited in our HCV cohort, perhaps due to a high burden of cirrhosis and fibrosis. Further studies are needed to evaluate M2BPGi as an HCC biomarker in broader patient populations, including a greater variety of liver diseases, non-Asian patients, and those with high burdens of liver fibrosis.
